study of heat transfer between a moving medium and a solid surface (heat of convection) and heat transfer by means of radiation.
Heat transfer by means of convection is widely used in industrial and domestic heating devices (http://teplowood.ru). Nowadays, the main factors in the design of new heat exchangers are energy saving and reliability. Heat exchangers, in which the convection (free circulation of the coolant) mechanism is used, correspond most closely to the requirements of reliability and effi ciency (Serezhkin, 2006) .
On the other hand, competitive with the above is the transfer of heat by radiation. It allows transferring energy directly from a heated object through a gas or liquid medium with almost no loss (Evren et al., 2016; Lina et al., 2016) .
Gaining popularity today are also catalytic burners used as heaters. Such devices allow carrying out the process of burning hydrocarbon fuels with release of large amounts of radiation heat and a minimum amount of harmful components. This fact allows one to create domestic heating equipment, mobile heaters, reactors, and other devices on the basis of catalytic burners (Inui, 1999; Strutinskaya, 2008; Giornelli et al., 2006 Giornelli et al., , 2007 .
Despite the variety of designs of heaters, the heating element is a common feature for them, and the subject of research is the material from which it is made. Modern radiators are made from metal, and this is not accidental. They have the best combination of physical, chemical, and mechanical properties, and the main one is the heat transfer coeffi cient.
Despite the fact that stainless steel is used for fabrication of heaters, it has a low heat transfer coeffi cient (http://teplowood.ru). However, it is resistant to corrosion and costs signifi cantly less than nonferrous metals (copper, aluminum, etc.) . At the same time, the improvement of thermal properties of stainless steel is relatively cheap, but an energy-effi cient material is to be obtained for heating elements.
When choosing material modifi cation technologies, it should be considered that heat exchange between bodies depends also on their shape and size. Other important factors are the physical properties of bodies and their physical state (Lukanin, 2000) . As a result, the temperature difference, geometry, and the physical properties of the body, physical state, the parameters of the heat carrier, and the time of the process will determine the intensity of heat transfer and the amount of heat transferred.
The magnitudes of heat and mass fl ow depend on the magnitude of the heat and mass transfer surface area (Tsvetkov and Grigoriev, 2005) . Therefore, the use of heating surfaces with artifi cial roughness is one of the possible ways of intensifi cation of heat transfer (Mikheev and Mikheeva, 1977) .
From this point of view, the technology of ionic implantation is attractive. This method makes it possible to input target component ions directly into the surface layer of the material or to precipitate them on the surface (Poate et al., 1983; Begrambekov, 2001; Kalin, 2001) . Thus, all ion-target combinations are possible. The ion energy can be varied from a few kiloelectron-volts (keV) to GeV. The depth of ionic implantation is dependent not only on the energy, but also on the ion mass and the mass of atoms in a solid.
Ion bombardment allows changing the electrical, mechanical, corrosion, catalytic, and optical properties of the surface of the solid (Kalin, 2001; Abdrashitov and Ryzhov, 1989) . Irradiation of the surface of solids by means of ion and plasma fl ows also causes changes in their relief (Bogdanov, 2008; Wang et al., 2011) . Honcharov and Zazhigalov (2011 ) and Honcharov (2012 , 2013 studied the thermal and catalytic properties of steel after ionic implantation. The results obtained show an improvement in the thermal characteristics after the introduction of aluminum ions (Honcharov and Zazhigalov, 2011) . This fact can be expected because Al is an impurity in the alloy steel that improves the heat resistance of the alloy. Simultaneously with the improvement of the thermophysical properties, the positive catalytic ones are shown in the implants with titanium and aluminum ions (Honcharov, 2012 (Honcharov, , 2013 . However, the heat transfer capacity of implants with titanium ions was studied insuffi ciently and needs more exact defi nition.
So, the use of ionic implantation techniques to modify the surface texture allows one to increase the average surface roughness and, as a consequence, increases the specifi c heat exchange surface area. The saturation of the surface by metal impurity ions changes the electric and thermal conductivities of the surface of treated element, also. This fact makes it possible to recommend the ionic implantation method for the design of heat exchange equipment and for the creation of new more effi cient heating surfaces. Moreover, titanium should be more promising as a target element for investigations.
METHODS OF SYNTHESIS AND STUDY OF SAMPLES
For making samples we used a 1.8-m-long and 5-mm-wide metal corrugated foil made of stainless steel 12Kh18N10T (Fig. 1) . Ions and neutral atoms of titanium were injected into the foil by the method of ionic implantation (ionic doping).
The samples were treated by using the installation of ionic implantation (Fig. 2) located at the Department of General Physics and Technical Mechanics of the Institute of Chemical Technologies (Rubizhne) of the V. Dal ' East-Ukrainian National University.
The process was conducted by using electron-vacuum equipment in the regime in which the doping dose was 5·10 17 ion/cm 2 .
The basic apparatus for ionic implantation is a vertical vacuum chamber connected with auxiliary equipment: power supply and control, high-vacuum unit (which includes a diffusion pump with a vacuum gate). Vacuum in the chamber is controlled by electric valves through which air is evacuated by the backing pump conduit. To create the process environment inside the chamber, we used nitrogen from a special tank.
The main component of the installation is a source of ions and neutral atoms, which works due to electric discharge in crossed electric and magnetic fi elds arising in the vapor of an alloying element and an auxiliary gas. To realize the high productivity in coating cathode, sputtering of target ions of auxiliary gas (nitrogen) was used. Thus, fl ow of ions and neutral atoms of auxiliary gas (nitrogen) and of an alloying material (titanium) is fed from the ionic source. The ions are accelerated to a negative potential of 30 kV.
Thermophysical studies of samples were carried out using a self-made stand (Fig. 3) , which included a tripod 1 with a fi xed ceramic heater substrate 2, a power supply (rectifi er) 3, and a digital thermometer 4 with a thermocouple 5.
To prevent an external environmental impact during the experiments, a sample was closed by a steel screen (Fig. 4) . The air temperature was measured directly from the surface of the implant and the foil temperature -in the center of the band. A ceramic heater is the basis of the standard heater with a NiCr spiral. The sample was laid in the ceramic heater ducts and connected to the electrical mains. By adjusting the input voltage a range of power consumed by the heater was obtained. After obtaining experimental data, calculations of required quantities were carried out.
METHOD OF CALCULATION OF THE HEAT TRANSFER COEFFICIENTS AND HEATER POWER
Because the studies were carried out in free-convection mode, the algorithm for fi nding the required values was as follows.
To determine the power consumed by the heater, the formula used was
where I is the amperage [A], U is the voltage on the input terminals of the heater [V], and P is the power consumption of the heater [W] . The calculation of the coeffi cients of convective α c , radiative α r , and total α heat transfer was carried out according to the procedure of Honcharov (2012) .
The useful power of the heater was calculated according to the following dependences: the power of convective heating 
RESULTS AND DISCUSSION
The results of determination of the coeffi cients of convective heat transfer of the untreated (original) and treated foil to air by free convection (air absence) are shown in Fig. 5 . To compare the results, the data for the NiCr spiral (traditional heating element) are also given. These data show an increase in the heat transfer coeffi cient after treatment with titanium ions and do not confl ict with the known results for steel (http://energetika. in.ua). That is, in this case the ionic implantation has a positive effect on the samples. A comparison of the results for steel with the results for NiCr demonstrates signifi cant advantages of the latter, and it is quite reasonable, as NiCr is designed specifi cally for heaters.
Considering the great warming up, it is advisable to compare the characteristics of the heaters associated with energy radiation, i.e., with radiative heat transfer. Charts showing the prospects of using implants with samples as infrared heaters are given in Fig. 6 .
If we consider the total heat transfer (convective method -to the air, radiative method -to the surrounding objects), it is expected that treated samples will be advantageous over the original foil (Fig. 7) . The fact that the treated samples of steel foil are smaller than samples of NiCr can be explained by the difference between the forms of the heaters: plate and spiral.
FIG. 5:
The dependence of the convective heat transfer coeffi cient on the current power in free convection for different samples
FIG. 6:
The dependence of the radiative heat transfer coeffi cient on the current power in free convection for different samples Thus, it is shown that in the case of free convection the coeffi cients of convective and radiative heat transfer of implants have higher values than those of the original steel foil, but they are smaller than for the NiCr coil. Typically, the sample which is treated with titanium ions, when considering the radiative heat transfer, is close to the spiral of NiCr. This allows us to recommend implants as infrared heaters.
However, the heat transfer coeffi cients are specifi c and depend on many factors (the shape and dimensions of the sample, material properties, etc.). Therefore, it is necessary to consider more general characteristics (power and temperature) when analyzing the possibility of using implants as heaters.
Power analysis of samples in convective and radiative heat transfer (Figs. 8 and 9) has shown signifi cant advantages of implants as air heaters compared to the initial samples and the NiCr coil. But even treated, the sample has a rather low effi ciency, not more than 50%. Therefore, a more attractive prospect is the use of implants at high temperatures since the effi ciency of the samples increases with temperature. This conclusion is clearly highlighted by charts in Fig. 9 .
This difference of the samples can be explained by the different surface temperature, which, undoubtedly, is a major factor in radiative heat transfer. Furthermore, the heater temperature is an important characteristic to many chemical and manufacturing processes.
The dependence of the surface temperature of the heater on the power consumption is shown in Fig. 10 . These charts show that the surface temperature of the NiCr heater and untreated steel sample are close; the difference does not exceed 50 
CONCLUSIONS
The obtained results permit the following conclusions:
• it is established that the convective heat transfer coeffi cient of treated steel is higher than that of the original steel, but it is less than that of NiCr; • it is shown that the sample treated with ions of titanium, when considering the heat radiation, behaves like a NiCr coil, and greatly exceeds the original steel at a rate of radiative heat transfer; • it has been found that the capacity of the heater with the implant exceeds not only the capacity of the heater of the raw material, but also of the NiCr; • it is shown that for the same power consumption, the implants have a surface temperature greater than the initial steel or of the NiCr spiral.
Thus, the obtained results showed the possibility of the practical use of ionic implantation as the metal surface modifi cation technology. As a result of the ionic treatment, implants signifi cantly increased their thermal characteristics as compared with untreated material. The treated samples were energetically more favorable than even 
